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Steroid hormones of gonadal origin act on the neonatal brain to produce sex differences
that underlie adult reproductive physiology and behavior. Neuronal sex differences occur
on a variety of levels, including differences in regional volume and/or cell number, mor-
phology, physiology, molecular signaling, and gene expression. In the rodent, many of
these sex differences are determined by steroid hormones, particularly estradiol, and are
established by diverse downstream effects. One brain region that is potently organized
by estradiol is the preoptic area (POA), a region critically involved in many behaviors that
show sex differences, including copulatory and maternal behaviors. This review focuses
on the POA as a case study exemplifying the depth and breadth of our knowledge as well
as the gaps in understanding the mechanisms through which gonadal hormones produce
lasting neural and behavioral sex differences. In the POA, multiple cell types, including
neurons, astrocytes, and microglia are masculinized by estradiol. Multiple downstream
molecular mediators are involved, including prostaglandins, various glutamate receptors,
protein kinase A, and several immune signaling molecules. Moreover, emerging evidence
indicates epigenetic mechanisms maintain sex differences in the POA that are organized
perinatally and thereby produce permanent behavioral changes.We also review emerging
strategies to better elucidate the mechanisms through which genetics and epigenetics
contribute to brain and behavioral sex differences.
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SEX DIFFERENCES IN THE BRAIN: DOGMA AND BEYOND
SEX DETERMINATION AND SEXUAL DIFFERENTIATION
Early in normal development, genes on the sex chromosomes
determine whether an animal will develop testes or ovaries, in a
process deemed sex determination. In mammals, the primary sex
determining signal is the SRY gene on the Y chromosome, which
leads to the upregulation of testis determining factor in males and
development of testes. In other words, animals with an SRY gene
will develop testes and all associated male phenotypes, and in the
absence of SRY, a default genetic program leads to ovarian devel-
opment and all associated female phenotypes. Proceeding from
this primary process of sex determination is sexual differentiation,
whereby other tissues take on a male or female phenotype.
Sexual differentiation is largely controlled by the three major
classes of steroid hormones that are produced by the gonads:
androgens, estrogens, and progestins. In the traditional view of
brain sexual differentiation, these gonadal hormones act on the
brain during a perinatal sensitive period to organize a male or
female phenotype. Subsequent to this differentiation, the same
gonadal hormones act on the male or female brain across the
lifespan to produce sex-speciﬁc behaviors. This classical view of
hormonal effects on the brain and behavior was deemed the Orga-
nizational/Activational hypothesis following the groundbreaking
work of Phoenix et al. (1959), and has been the paradigm used
to study essentially every known sex difference in behavior. This
predominant approach is used to ﬁrst determine whether a sex
difference in the brain or behavior is organized by early life gonadal
hormones during a critical period, and then to see whether it is
maintained or activated in adulthood by circulating gonadal hor-
mone levels. Calling this approach “classical” suggests that it is not
a perfect means to understand sex differences in the brain and
behavior, however many prominent discoveries in the ﬁeld have
and continue to come from this basic approach. Nonetheless, there
are multiple challenges to the dogma which now complicate our
concepts of brain sexual differentiation, including the edicts that
(1) brain feminization is a default process that occurs indepen-
dently of estradiol, (2) the major mode of steroid hormone action
is to bind nuclear steroid receptors and directly modulate gene
transcription, (3) the gonad is the sole source of sex hormones,
and (4) all sex differences in the brain and behavior result from
the actions of sex hormones on the developing or adult brain. For
each of these examples, data will be presented that now challenges
the classic dogma.
BASIC MECHANISMS IN RODENTS
In rodents, the dominant organizing signal is the perinatal andro-
gen surge from the testes that begins prenatally, peaks at the
end of the embryonic period, and rapidly declines during the
ﬁrst postnatal day (Konkle and McCarthy, 2011). Androgens are
converted to estrogens via the enzyme p450 aromatase, which
is highly abundant and enzymatically active in the rodent brain
during the testicular androgen surge (George and Ojeda, 1982;
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FIGURE 1 | Neonatal organization of the brain and behavior. In male
rodents, the SRY gene on theY chromosome leads to the development of
testes, which begin synthesizing androgens prenatally. Plasma testosterone
levels rapidly increase late during the embryonic period and peak shortly after
birth. Once in the brain, testosterone is converted by the p450 aromatase
enzyme into estradiol, which acts to masculinize and defeminize the brain. A
second organizational period occurs peripubertally, when steroid hormones
begin to rise. In adulthood, the differentiated brain is activated by high levels
of circulating gonadal hormones: androgens in males and estrogens and
progestins in females, to produce sex differences in copulatory behaviors.
Roselli and Resko, 1993), especially in highly sexually dimorphic
brain regions such as the hypothalamus (Konkle and McCarthy,
2011). Estrogens in the brain then proceed to initiate two par-
allel processes in males, masculinization, whereby the brain is
made capable of producing adult male sex-speciﬁc behaviors,
and defeminization, whereby the brain is stripped of its ability
to produce female-speciﬁc behaviors (Figure 1). These processes
occur across slightly different developmental windows (Wallen
and Baum, 2002) and are controlled by differing mechanisms
downstream of estradiol, even in the same brain region (Todd
et al., 2005). In females, in the absence of the perinatal andro-
gen surge, a program of feminization that has classically been
viewed as “default” (Jost et al., 1973), yields a brain capable
of producing adult female sex-speciﬁc behaviors. Additionally,
the female brain is protected from estrogens of maternal ori-
gin prenatally by the binding protein, alpha-fetoprotein, which
sequesters and prevents gonadal hormones from crossing the
blood–brain-barrier (McEwen et al., 1975; Bakker et al., 2006).
Both the dogmas that feminization is a default process and that
alpha-fetoprotein protects the female brain from masculiniza-
tion have been complicated by recent data. Behavioral analyses
of female mice lacking functional aromatase indicates estrogens
are necessary for the full feminization of female sexual behav-
ior (Bakker and Baum, 2008), a notion also supported by the
fact that alpha-fetoprotein levels drop precipitously as the ovaries
begin to synthesize estrogens during the second postnatal week
(Raynaud, 1973; Meijs-Roelofs and Kramer, 1979). Detection of
alpha-fetoprotein within neurons suggests it is more appropriately
characterized as a chaperone molecule, selectively transporting
estradiol into the brain (Toran-Allerand, 1980, 1987; Bakker and
Baum, 2008).
HORMONE RECEPTORS ARE TRANSCRIPTION FACTORS
The major mode of steroid hormone action is to bind to intra-
cellular steroid hormone receptors, inducing them to dimerize,
translocate to the nucleus, and bind to hormone response ele-
ments on DNA to regulate gene transcription (King and Greene,
1984; O’Malley and Tsai, 1992). When steroids bind to their
cognate receptors, they decouple from a variety of molecules,
including heat shock proteins (DeMarzo et al., 1991), as well as
bind co-activators and co-repressors (O’Malley, 2006; Rosenfeld
et al., 2006). Steroid hormone receptors can also regulate tran-
scription independently of hormone response elements and direct
binding onto DNA, for example, by complexing with other tran-
scription factors, such as Fos (Uht et al., 1997). When steroid
hormones recruit factors to the transcription complex, includ-
ing co-activators and repressors, they modulate the transcrip-
tional efﬁcacy of both hormone receptors themselves and other
transcription factors via epigenetic means such as methylation,
acetylation, and phosphorylation (O’Malley, 2006;Rosenfeld et al.,
2006). Interestingly, there are hormone dependent sex differences
in expression of steroid receptor co-activators during the neonatal
critical period for establishing sex differences in the brain (Auger
et al., 2000).
More recent evidence implicates steroid hormone receptors,
particularly estrogen receptors, in the regulation of a cell’s phys-
iology and even of gene transcription that is independent of the
classical mode of action via hormone response elements. There
are multiple isoforms of the estrogen receptor: estrogen receptor
alpha (ERα), beta (ERβ), and a third receptor, GPR-30, which can
be located either in themembrane, cytosol,or nucleus. Steroid hor-
mone receptors initiate a variety of signaling cascades via direct
activation of kinases, proteases, and other molecules (Gu et al.,
1996; Zhou et al., 1996; Watters et al., 1997; Bi et al., 2001; Abra-
ham et al., 2004; Zadran et al., 2009). Many of these effects occur
far more rapidly than classical gene transcription mediated effects
could occur, changing cell physiology on the order of seconds
(Kelly et al., 1976). Transmembrane steroid receptors mediate
some of these rapid effects (Towle and Sze, 1983; Mermelstein
and Micevych, 2008), and can be teased out from nuclear receptor
effects by administering steroid hormones bound to membrane-
impermeable molecules. These rapid membrane effects can also
enhance or prime transcriptional effects (reviewed in Vasudevan
and Pfaff, 2008).
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DE NOVO SYNTHESIS OF STEROID HORMONES
The dogma that so-called gonadal hormones are only produced
peripherally in the ovaries and testes has been challenged by strong
evidence that the brain itself is steroidogenic. Select brain regions
contain the enzymes necessary to synthesize estradiol from cho-
lesterol and convergent evidence supports the hypothesis that the
brain locally synthesizes estradiol (Schlinger and Arnold, 1992;
Holloway and Clayton, 2001; Hojo et al., 2004). The amount of
estradiol and testosterone measured in the neonatal brain varies
widely from brain region to brain region and does not show a clear
correlationwithplasmahormone levels, suggesting region-speciﬁc
synthesis (Konkle and McCarthy, 2011). The research on de novo
steroidogenesis in the brain has been hampered by technical limi-
tations in quantifying the low levels of hormones in brain tissue in
a site-speciﬁc manner, especially in neonates. The question of how
local synthesis of hormones contributes to brain sexual differen-
tiation and adult brain physiology is an open question of much
interest to the neuroendocrinology community because certain
brain regions show more extensive hormonally mediated effects
than others, and local differences in steroid hormone receptor
expression have not entirely accounted for such effects.
DIRECT GENETIC EFFECTS ON SEXUAL DIFFERENTIATION
The dogma that steroid hormones are the sole inducer of sex dif-
ferences in phenotype has been strongly and effectively challenged
by data indicating that genetic effects, which may be independent
of gonadal hormones or interact with gonadal hormones, also
contribute to sexual differentiation. A new model that has been
particularly illuminating is the four core genotypes (FCG) mouse
model in which the SRY gene is deleted from the Y chromosome
and inserted on an autosome, therebymaking a two-by-twomatrix
possible wherein sex chromosome complement can be dissociated
from gonadal sex and the corresponding hormonal milieu (De
Vries et al., 2002). In this way it is possible to determine whether
a sex difference is primarily programmed by sex chromosomes,
gonadal hormones, or an interaction between the two. Thus far,
results indicate gonadal hormones are the major inducer of sex
differences in reproductive brain areas and behaviors (De Vries
et al., 2002; Wagner et al., 2004), but that other sex differences,
including differences in aggression, nociception, habit formation,
and certain autoimmunedisorders, are shaped by sex chromosome
complement more strongly than hormones (reviewed in Arnold
and Chen, 2009). Additionally, certain sex differences, such as that
in vasopressin innervation of the lateral septum, are controlled
by both hormonal and sex chromosome effects (De Vries et al.,
2002). Another model in which a transcription factor necessary
for gonadal development, steroidogenic factor 1 (SF-1), is genet-
ically deleted, results in an agonadal animal from embryogenesis
(Ingraham et al., 1994) illustrates a similar principle. This model
shows that while many brain sex differences are hormonally reg-
ulated during development, including those in the preoptic area
(POA) discussed below, certain developmental events in sexual
differentiation occur independent from the gonad (reviewed in
Budefeld et al., 2012).
THE PREOPTIC AREA AS A CASE STUDY
While many brain regions are studied in the context of sex
differences, the POA, lends itself well to the study of sex differences
in the brain from the genomic/epigenomic to the behavioral
because it (1) shows prominent sexual dimorphism on a variety
of levels, (2) is particularly sensitive and responsive to gonadal
hormones both developmentally and in adulthood, and (3) is
implicated in behaviors which show robust sex differences. The
POA also illustrates the wide variety of mechanisms that can lead
to sex differences in morphology and behavior (Figure 2).
SEXUAL DIMORPHISM AND HORMONE DEPENDENCE IN
THE POA
There are several prominent sex differences in the POA, from the
morphological to themolecular. Two neighboring subnuclei in the
POA, the sexually dimorphic nucleus (SDN),and the anteroventral
periventricular nucleus (AVPV), show oppositemorphological sex
differences in volume and cell number. Males have a ﬁve- to sev-
enfold larger SDN and consequently more cells in the SDN than
females (Gorski, 1978). The perinatal androgen surge, followed by
androgen aromatization to estradiol, protects SDN cells in males
from programmed cell death (Davis et al., 1996). Estradiol leads
to increased expression of the NMDA receptor subunit NR1 and
antagonizing NMDA-type glutamate receptors in males increases
cell death in the SDN (Hsu et al., 2001, 2005). NMDA receptor
activation leads to a down regulation of the pro-apoptotic protein,
Bax, and upregulation of the anti-apoptotic protein Bcl-2, thereby
diminishing pro-apoptotic activity of caspase-3 (Tsukahara et al.,
2006,2008). Transcription of the gene for neural epidermal growth
factor-like like-2 (NELL-2) is also regulated by estradiol (Choi
et al., 2010) and further protects cells in the SDN from apoptosis
(Jeong et al., 2008). Throughout the POA, the rate and frequency
of neuronal migration during perinatal development is regulated
by estradiol (Knoll et al., 2007). In the SDN speciﬁcally, radial
spreading of neurons later during the perinatal period (postnatal
days 7–15) in males ampliﬁes the sex difference in SDN volume
(Wolfe et al., 2005; Orikasa et al., 2010). Thus the phenotypic
endpoint of a larger SDN in males is the result of a complex inter-
play of hormonal modulation of gene expression and neuronal
responsiveness.
In contrast to the SDN, the female AVPV is larger than the
male’s, and regulates the luteinizing hormone (LH) surge that pro-
duces ovulation in females. TheAVPV contains multiple cell types,
including GABAergic/glutamatergic neurons, dopamine neurons,
and kisspeptin-expressing neurons, each of which is found in
different amounts in males versus females. Opposite to the SDN–
POA, the perinatal androgen surge drives cell death in the AVPV;
treating a neonatal female with androgens reduces the number
of dopaminergic neurons to that of males (Simerly et al., 1985).
Estradiol upregulates caspase activity in dopaminergic neurons to
induce apoptosis, and administering a caspase inhibitor prevents
estradiol-induced cell death in males (Waters and Simerly, 2009).
Another cell type, GABAergic/glutamatergic expressing neurons,
are twice as numerous in females (Ottem et al., 2004), and this
sex difference, unlike that in dopaminergic neurons, is regulated
by the proinﬂammatory molecule, tumor necrosis factor alpha
(TNFα). TNFα is higher in females and suppressed in males by
the associated molecule TNF receptor-associated factor 2 inhibit-
ing protein (Trip). In males Trip prevents NFKβ activation, Bcl-2
gene expression, and the resultant cell survival that occurs in
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FIGURE 2 | Mechanisms governing sexual differentiation of the
preoptic area. Sexual differentiation of the preoptic area results
from the complex interplay of diverse hormonally regulated
mechanisms, including neurogenesis, cell survival and death,
morphological differentiation of individual cells, and epigenetic
activity. These mechanisms are subregion speciﬁc, cell-type
speciﬁc, and occur during temporally limited critical periods during
development.
females (Krishnan et al., 2009). The pro-apoptotic protein Bax
is also higher in males and regulates the death of GABAergic neu-
rons (Forger et al., 2004), but this effect on Bax is independent of
Trip and, in addition, does not impact the cell death of dopamine
neurons. Females also have signiﬁcantly more cells positive for the
neuropeptide, kisspeptin, than males, a sex difference that is regu-
lated by estradiol (Kauffman et al., 2007; Homma et al., 2009) but
not by Bax (Semaan and Kauffman, 2010). Currently the down-
stream mechanisms involved in this effect on kisspeptin neurons
remain unelucidated. The overall sex difference inAVPV cell num-
ber is further enhanced by hormonally regulated neurogenesis that
occurs in females during puberty (Ahmed et al., 2008).
The fact that the SDN andAVPV show opposing sex differences
which are shaped by estradiol exposure precludes the temptingly
convenient conclusion that estradiol acts via one conserved mech-
anism across the brain to produce sexual dimorphism. And not
only do different signaling events govern sexual differentiation in
the SDN versus AVPV, but combinations of different developmen-
tal processes, including cell death and cell migration in the SDN,
and cell death and neurogenesis in the AVPV, converge to produce
these sex differences. The example of the AVPV also illustrates that
gonadal hormones can co-opt a variety of signaling pathways to
produce the same effect (cell death) in different cell types within
the same nucleus.
There are additional morphological sex differences in the POA.
Projections to and from the POA differ. For example, there are
sex differences in the density of peptidergic inputs from the bed
nucleus of the stria terminalis to the POA, including galanin, sub-
stance P, and cholecystokinin (CCK), all of which are organized
developmentally and not changed by adult hormonal treatment
(Polston and Simerly, 2003). Along similar lines, females show a
20-fold denser projection of calcitonin gene-related peptide con-
taining ﬁbers to posterior regions of the hypothalamus (Herbison
and Dye, 1993; Edelmann et al., 2007) and males have more ﬁbers
positive for nitrous oxide synthase in theAVPV than females on the
day of birth (Edelmann et al., 2007). In some cases, the number or
distribution of cells positive for such peptides also show a sex dif-
ference with, for example, males having more CCK-positive cells
in the medial preoptic nucleus, and females having more CCK-
positive cells in the periventricular preoptic nucleus (Micevych
et al., 1987).
Morphological sex differences in the POA also exist at the level
of individual cells. There are sexdifferences in astrocytes,withmale
astrocytes having more complex morphology and longer process
length than females (Amateau and McCarthy, 2002b). There are
notable sex differences in neurons as well, with male POA neurons
having two- to threefold more dendritic spines per length of den-
drite than females (Amateau and McCarthy, 2002a, 2004). As with
theAVPV and SDN, this sex difference in dendritic spine density is
organized by estradiol (Amateau and McCarthy, 2002a, 2004). For
each of these sex differences, their induction depends on the pres-
ence of estradiol, can be produced by administering estradiol to
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female pups neonatally, and the effects are stable into adulthood
regardless of the adult hormonal milieu. The case of sex differ-
ences in dendritic spines in the POA will be discussed in detail
below. We have elucidated much of the downstream genetic and
molecular signaling pathway through which estradiol organizes
the sex difference in dendritic spine density, and this offers insight
into the diverse means through which hormones can shape the
developing brain. Moreover, recent work suggests microglial cells,
which are the resident immune cells of the brain, also show sex
differences in both number and morphology during the neona-
tal organizational period, which may also contribute to sexual
differentiation.
SEX DIFFERENCES IN BEHAVIOR AND THE POA
The POA has been implicated as a key regulator of several behav-
iors that show prominent sex differences, including female sex-
ual behavior (Leedy, 1984; Bast et al., 1987), maternal behavior
(Numan, 1986), and male sexual behavior (Larsson and Heimer,
1964). The POA receives input from the olfactory bulb via the
amygdala and BNST and the central tegmental ﬁeld; in turn the
POA projects to several brain regions that are also critical for
motivation and expression of sex, including the hypothalamus,
ventral tegmental area, and brainstem (Simerly and Swanson,
1986, 1988). Mating increases expression of Fos, an immediate
early gene marker of activation, in the POA, as do mating-related
olfactory cues (Baum and Everitt, 1992; Bressler and Baum, 1996;
Veening and Coolen, 1998). Male sexual behavior is comprised
of a motivational component, the drive to seek sex, and a con-
summatory component, the physical performance of mounts,
intromissions, and ejaculations; the POA contributes to both of
these components. Ablation of the POA in adulthood dimin-
ishes the display of male sexual behavior (Larsson and Heimer,
1964; Christensen et al., 1977); conversely, electrical stimulation
of the POA facilitates copulation (Malsbury, 1971). To date, it has
not been possible to directly tie changes in behavior to under-
lying changes in morphology or synaptic physiology, however
strong correlations exist between the two with regard to sexual
behavior and the POA. Electrophysiological recording of freely
behaving rats during sexual behavior shows increased ﬁring rates
of POA neurons during copulatory thrusting and intromission
(Shimura et al., 1994) and latencies and numbers of mounts
and intromissions correlate with the number of dendritic spines
on POA neurons, which are a major site of excitatory input to
these cells (Amateau and McCarthy, 2002a, 2004; Wright and
McCarthy, 2009). In addition to these consummatory aspects of
sexual behavior, certain motivational aspects of sexual behavior,
such as the active pursuit of a female prior to mounting, are also
associated with an increase in POA neuronal ﬁring rate (Shimura
et al., 1994). This motivation for sex and its rewarding proper-
ties are regulated by projections from the POA to the mesolimbic
dopamine system (reviewed in Stolzenberg and Numan, 2011).
Interestingly, this crosstalk with the mesolimbic dopamine sys-
tem is not only important for male sexual behavior, but also for
maternal behavior and female sexual behavior, suggesting the POA
is more broadly involved in appetitive aspects of reproductive
behavior.
CELLULAR MECHANISMS MEDIATING SEXUAL
DIFFERENTIATION OF THE POA
Once theneonatal sex difference andhormonedependence of POA
dendritic spine density was established, the question turned to
downstream mechanism. Again thwarting expectation, estradiol’s
actions on dendritic spines in the POA are mediated by an unlikely
candidate, the proinﬂammatory lipid molecule, prostaglandin E2
(PGE2). In the neonatal POA, estradiol leads to a two-fold increase
in the gene products and protein levels of the major synthesiz-
ing enzymes for prostaglandins, cyclooxygenase 1 and 2 (COX-1
and COX-2), and a resultant sevenfold increase in PGE2 levels
(Amateau and McCarthy, 2002a). Estradiol’s effects are both spe-
ciﬁc to PGE2, not changing levels of similar prostanoid molecules,
such as PGF2, and also the effects on PGE2 on spines are speciﬁc to
the POA,not occurring in the nearby hippocampus ormedial basal
hypothalamus (Amateau and McCarthy, 2002a). PGE2 is down-
stream of estradiol, with co-administration of estradiol and the
COX inhibitor indomethacin failing to masculinize spine density
in females (Amateau and McCarthy, 2002a, 2004). PGE2 is also
sufﬁcient to masculinize adult copulatory behavior, as evidenced
by females masculinized with PGE2 and given adult androgens
showing masculine patterns of mounting and intromitting when
paired with a receptive female (Amateau and McCarthy, 2004).
That the behavioral effects of PGE2 are speciﬁc to masculinization
of sexual behavior is conﬁrmed by a lack of effect on female sexual
behavior and maternal behavior, both of which are also mediated
by or inﬂuenced by the POA (Todd et al., 2005).
There are four main receptors for PGE2, referred to as EP1–
EP4, all of which are present in the developing POA (Burks et al.,
2007), but only EP2 and EP4 are necessary for the full masculin-
ization of POA morphology and behavior (Wright et al., 2008),
and both signal via the cAMP-protein kinase A (PKA) cascade.
The effects of PGE2 on POA spine density are also mimicked
by glutamate (Amateau and McCarthy, 2002a), and PKA is a
known modulator of glutamate receptor dynamics, particularly
the AMPA-type receptor, throughout the brain. Both PKA and
AMPA receptor activation are necessary for the effect of PGE2
on dendritic spine induction and masculinization of sex behav-
ior (Wright and McCarthy, 2009). Activated by EP2 and EP4, PKA
phosphorylatesAMPA receptors in the POA and induces increased
membrane insertion of AMPA receptor into the cell membrane
(Wright et al., 2008; Lenz et al., 2011). Thus the effects of PGE2 on
increasing AMPA receptor phosphorylation and membrane inser-
tion converge with glutamate release to masculinize spine density
and sexual behavior.
While the signaling machinery controlling sexual differentia-
tion of spine density in the POA is initiated by a classical endocrine
means, the downstream signaling is shared by many brain regions
and systems to induce morphological plasticity. For example, the
same signaling pathway that leads to the sex difference in POA
spine density, namely cAMP to PKA to phosphorylated AMPA
receptor subunits to increased AMPA membrane insertion, gluta-
matergic signaling, and spine stabilization, exactly parallels the
cascade that contributes to LTP and dendritic spine stabiliza-
tion in the hippocampus or cortex (Esteban et al., 2003; Wang
et al., 2005). This example underscores the versatility of hormones
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to co-opt already existing mechanisms in the brain to produce
morphological sex differences.
NEUROENDOCRINOLOGY MEETS NEUROIMMUNOLOGY
In studying sex differences in the brain, we routinely investigate
the crosstalk between two highly interactive physiological systems,
the nervous, and endocrine systems. Recent and emerging evi-
dence has also begun to highlight a dynamic crosstalk between the
immune system and both nervous and endocrine systems in the
context of sex differences in the brain. In addition to the effects of
PGE2 on masculinizing the POA developmentally, prostaglandins
in the POA and median eminence are downstream of estradiol
and facilitate the generation of the adult LH surge in females that
leads to ovulation (Ojeda et al., 1979; Rage et al., 1997). Speciﬁ-
cally, prostaglandins induce rapid retraction of astroglial processes
that allow GnRH to be released from neurosecretory terminals at
the median eminence (de Seranno et al., 2010). The source of the-
ses prostaglandins are astrocytes (Clasadonte et al., 2011) and yet
another cell type:microglia,which are the brain’s resident immune
cells (Adachi et al., 2009).
Microglia are the primary immunocompetent cells of the
brain, responding to injury and inﬂammation with the produc-
tion of proinﬂammatory molecules, including prostaglandins,
nitric oxide, cytokines, and chemokines (Gehrmann et al., 1995;
Kim and de Vellis, 2005). Concomitant with this production
of proinﬂammatory molecules, microglial cells undergo a dra-
matic change from a ramiﬁed, quiescent morphology to an acti-
vated, ameboid morphology. The activated microglial proﬁle is
observed in the brain following viral or bacterial infection, trau-
matic injury, stroke, or in the context of a neurodegenerative
disease (Licinio et al., 1993; Ling and Wong, 1993; Katila et al.,
1994; Mittleman et al., 1997; Munn, 2000; Vargas et al., 2005;
Fabene et al., 2010) and can play both damaging and neuro-
protective roles (Marchetti et al., 2005; Streit, 2005). Microglia
are also primarily in the activated state in the normal neona-
tal brain through the ﬁrst postnatal week (Ling et al., 1990; Wu
et al., 1992; Ling and Wong, 1993; Dalmau et al., 1997) and con-
tribute to normal neurodevelopmental processes, including axon
guidance, neurite growth, pruning, and apoptosis (Mallat and
Chamak, 1994; Kingham et al., 1999; Polazzi and Contestabile,
2002; Marin-Teva et al., 2004; Tremblay et al., 2011). Given that
microglia are active neonatally and contribute to neurodevelop-
mental processes known to be involved in sexual differentiation,
the natural next question is whether microglia and their sig-
naling are involved in producing sex differences in the brain
(Figure 3).
Microglia express both isoforms of the estrogen receptor
(Bruce-Keller et al., 2000) and respond to estradiol with both
up and down regulation of various cytokines (Dimayuga et al.,
2005). Estradiol is proposed as a key regulator of glial function in
the context of neurological disease and injury by dictating which
downstreamcytokines, chemokines, andother signalingmolecules
that glia will produce,which in turn determines whether microglia
and astrocytes have neuroprotective or neurotoxic effects (Morale
et al., 2006). Estrogens also inhibit microglial apoptotic signaling
(Dimayuga et al., 2005) suggesting steroid hormones may regulate
microglial number in the developing brain.
FIGURE 3 | Sex differences in microglia in the preoptic area. (A)
Established sex differences in number and morphology of neurons and
astrocytes in the preoptic are being joined by sex differences in microglia,
the brain’s resident immune cell. (B) Males have more microglia than
females on postnatal day 2, when stained for the microglial marker Iba1. (C)
Males also have more activated, ameboid microglia (arrows in 3A), which
are associated with secretion of prostanoids, cytokines, chemokines, as
well as phagocytosis. Scale bar= 50μm.
Microglia and cytokines both contribute to the apoptotic sig-
naling cascades that produce sex differences in POA cell number.
For example, media from primary microglial cultures potentiates
estrogen-inducedpro-apoptotic signaling of Fas/Fas ligand,amol-
ecule of the TNFα family, possibly through the signaling of inter-
leukins 1 and 6 (Nilsen et al., 2000). As previously discussed,TNFα
signaling in the AVPV also mediates the striking sex difference
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in GABAergic/glutamatergic cell number (Krishnan et al., 2009).
With regard to sex behavior, amyloid beta precursor protein (APP),
a molecule known to induce microglial activation in the context of
neurodegenerative disease, is upregulated in the POA of mice that
show persistent mating following castration (Park et al., 2010),
suggesting that the production of normal male sex behavior can
be modulated by this inﬂammatory molecule. Since microglia are
both responsive to and capable of producing prostaglandins and
are estrogen-sensitive, a potential role in establishing sex differ-
ences in dendritic spines in the POA and adult male sex behavior
warrants investigation. Our recent data suggests that there may
in fact be sex differences in microglia in the developing POA
(Figure 3).
Many neuropsychiatric disorders have been linked to the
immune system or early life infection, including autism, schiz-
ophrenia, and depression (Boksa, 2010; Derecki et al., 2010; Kelley
and Dantzer, 2011), and all of these disorders are gender biased in
either frequency or severity. Therefore, understanding how hor-
mones modulate the immune system and vice versa provides
explanatory power in searching for illness susceptibility genes in
genome wide association studies of neuropsychiatric and neu-
rological disorders. Moreover, understanding the basic genetic
and non-genetic mechanisms of how sex differences in the brain
develop can provide clues into which individuals may be at risk
for developing these disorders, and how brain development goes
awry to increase this susceptibility.
GENETICS OF SEX DIFFERENCES IN THE POA
Though much attention has been paid to morphological and
physiological sex differences in the POA and how they relate to
behavioral sex differences, there is little knowledge of the broad
gene networks regulating sexual differentiation in the POA, or any
other brain region that shows sex differences inmorphology, phys-
iology, or mediates a sex difference in behavior. For each speciﬁc
sex difference discussed above, some upstream genetic contrib-
utors have been determined. In the case of the AVPV, the cell
survival and cell death related genes Bax and Bcl-2 are differen-
tially expressed between males and females, as is the gene for the
TNFalpha related molecule, Trip (Forger et al., 2004; Krishnan
et al., 2009). The genes for ER alpha, beta, and KISS1, the gene
for kisspeptin, show sex differences in expression in the neona-
tal AVPV at the time of sexual differentiation (Cao and Patisaul,
2011). In the case of the SDN, several genes such as NELL-2 (Jeong
et al., 2008), RNA binding motif protein 3 (RBM3), and alpha-
tubulin (Hsu et al., 2005; neurotrophic related genes), as well as
Bcl-2, cytochrome oxidase subunits II and III (Hsu et al., 2005;
apoptosis related genes) show changes in expression. In the case
of sex differences in dendritic spines, the critical effect of estradiol
is to upregulate the COX genes responsible for prostaglandin syn-
thesis. Occasional other instances of sex differences or hormonal
effects on gene expression in the developing POA can be found.
For example, estradiol upregulates expression of the progesterone
receptor in the POA (Wagner et al., 2001;Quadros et al., 2002), but
this effect has not been related to a speciﬁc developmental process.
Yet, while we have some knowledge of candidate genes that relate
to sex differences in the POA,we do not have an integrated concept
of whether and/or how these genes interact.
Mice with null mutations, so-called knockout mice, provide
some insight into the role of hormones inproducingbehavioral sex
differences. Mice with dysfunctional estrogen receptors, androgen
receptors, progesterone receptors, or the aromatase enzyme have
all been analyzed for reproductive-related behaviors, and abnor-
malities reported for sexual behavior, aggression, and olfactory
investigation (Bakker et al., 2004; Schneider et al., 2005; Bodo et al.,
2006; Kudwa et al., 2006; Raskin et al., 2009; Juntti et al., 2010). To
date, models have not distinguished organizational from activa-
tional effects of hormones, and as of yet, few studies have looked
for genetic changes downstream of the mutated receptor. Another
model is the steroidogenic factor 1 knockout mouse (SF-1-KO), in
which animals develop without gonads or adrenal glands (Ingra-
ham et al., 1994). As SF-1 is a crucial regulator of steroidogenic
enzymes (Lala et al., 1992), brain-speciﬁc SF-1 knockouts have
been used to determine whether a sex difference in the brain is
hormonally mediated or potentially controlled by other genetic
sex differences (reviewed in Majdic and Tobet, 2011). As with any
knockout model, a notable caveat is that compensatory mech-
anisms could mask developmental effects that normally rely on
gonadal hormone action.
It is self-evident that a set of genes during the neonatal criti-
cal period must be differentially expressed or repressed in males
and females due to the androgen surge from the testes. Gonadal
hormone receptors are known transcription factors, and there are
additional neonatal sex differences in transcription factors such as
CREB (Auger et al., 2002), yet the downstream changes in gene
expression are still largely unknown. Despite the increase in gene
microarray studies in biomedical science, large-scale experiments
have yet to be published that deﬁnitively elucidate what genes are
differentially expressed in the POA between (1) males and females,
(2) hormonally untreated and treated animals, or (3) wild-type
and steroid receptor knockout mice during the critical period
for sexual differentiation, let alone any experimental inquiry into
whether manipulation of such candidate genes signiﬁcantly inﬂu-
ences sexual differentiation. This type of discovery-based research
is much needed to push the study of sex differences into the future.
EPIGENETICS IN THE POA
Epigenetic processes are critical to normal development and may
underlie the development of sex differences in the brain and
behavior, both before and after hormonally induced sexual dif-
ferentiation of the brain. Processes such as imprinting and X
inactivation occur in diploid animals during early embryonic dif-
ferentiation to ensure that monoallelic gene expression is achieved
(Okamoto et al., 2004). Imprinting is a means of controlling gene
expression that results in preferential maternal or paternal allelic
inheritance of speciﬁc genes (Reik and Walter, 2001), and off-
spring sex inﬂuences parental allelic inheritance within the POA
(Gregg et al., 2010). Interestingly, in light of the emerging effects
of the immune system on hormones and brain sex differences,
interleukin-18, a cytokine involved in neuroinﬂammation linked
to sex differences in disease, has a strong maternal origin in the
female POA (Ramagopalan et al., 2009; Alboni et al., 2010). X
inactivation silences one copy of the X chromosome in females to
ensure the expression of a single set of X-linked genes, although
several genes “escape” X inactivation and are thereby expressed
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at twice the level in females, or have homologs on the Y chro-
mosome. Many genes associated with higher cognitive function
appear to be X-linked and when mutated often result in mental
impairment, implicating their importance in neural development
(Zechner et al., 2001).
There is emerging interest in the epigenetic mechanisms con-
tributing to the maintenance of permanent changes to the neural
substrate established during hormonally induced sexual differen-
tiation of the brain (McCarthy et al., 2009). Early environmental
inputs alter DNA methylation and histone modiﬁcation patterns,
and can result in lifelong changes in gene expression, which in
some cases can be transgenerational (Dunn et al., 2010; Roth
and Sweatt, 2010). These epigenetic marks are therefore consid-
ered a potential mechanism by which hormone exposure during
the critical period for sexual differentiation of the brain main-
tains long-term sex differences in gene expression, and may be the
basis for permanent, hormonally organized structural and behav-
ioral differences. The process of sexual differentiation of the brain
is an ideal model process to study epigenetics and the POA in
particular offers several advantages. Epigenetic changes induced
by masculinizing exogenous factors such as maternal behavior
and gonadal hormone exposure impact both DNA methylation
and histone modiﬁcations within the POA (Nugent et al., 2010;
Auger and Auger, 2011; Auger et al., 2011; Bale, 2011; Nugent and
McCarthy, 2011).
DNA methylation is the process whereby DNA methyltrans-
ferase enzymes (DNMTs) covalently bind methyl groups to the C5
position of cytosine residues adjacent to guanine residues (referred
to asCpG sites). Thismodiﬁcation is traditionally thought to cause
long-lasting decreases in gene expression by either, (1) recruitment
of methyl-binding and chromatin remodeling proteins, causing
chromatin to condense, or (2) by blocking transcriptionalmachin-
ery from accessing start sites on a gene’s promoter (Tate and
Bird, 1993). The methylation status of DNA is not only reliant
on the activity of DNMTs, but also on the complex of proteins
bound to methylated cytosines because members of these core-
pressor/coactivator complexes often contain histone-modifying
enzymes (Klose and Bird, 2006). In fact, DNA methylation and
histone modiﬁcations are so tightly linked that inhibiting one can
alter the other (He et al., 2005). Histone acetylation has been the
most widely studied chromatin modiﬁcation studied in regards to
sexual differentiation of the brain. The impact of acetylation on
chromatin rigidity depends upon the speciﬁc loci where the mod-
iﬁcation is placed and which histone tail is modiﬁed (Jenuwein
and Allis, 2001). The existence of histone deacetylase enzymes
(HDACS), which remove acetyl groups reversing the work of his-
tone acetyl-transferases (HATs), reveals the transient nature of
these post-translational modiﬁcations. DNA methylation is also
dynamic and can change in response to cellular signaling, altering
methylation patterns in a matter of minutes to hours (Métivier
et al., 2008; Kim et al., 2009). There is also growing support for
the idea that active demethylation occurs in post-mitotic cells
(Bhutani et al., 2011). Despite the dynamic nature of the epi-
genetic marks, much of the data on sexual differentiation of the
brain consists of snapshots in time of DNA methylation status
and histone modiﬁcations, most frequently during the critical
period.
Gonadal steroid hormone receptors are known to recruit coac-
tivating and corepressing proteins, which have intrinsic histone-
modifying capabilities, to transcription start sites (Bonthuis et al.,
2011; Itkonen and Mills, 2011). Thus activation of steroid recep-
tors by high levels of circulating hormones during the critical
period for sexual differentiation of the brainmay inﬂuence histone
modiﬁcations. Sex differences and hormonally induced changes
in lysine 9/14 acetylation (associated with gene expression) and
lysine 9 trimethylation (associated with gene silencing) of histone
H3 have been reported in the developing mouse cortex and hip-
pocampus; however, the same study found no inﬂuence of sex
or hormones on these histone modiﬁcations in the POA (Tsai
et al., 2009). A different study found that sex differences in his-
tone H3 and H4 acetylation at the ERα and aromatase promoters
within the POA depends on which developmental time point
is examined (Matsuda et al., 2011). Pharmacological inhibition
of HDAC enzyme activity or antisense oligonucleotide-mediated
knockdown of HDAC2 and HDAC4 during the critical period for
sexual differentiation of the brain signiﬁcantly impairs male sex-
ual behavior in adulthood, suggesting the importance of histone
acetylation in organization of the male brain. Pharmacological
techniques have successfully been used to investigate the impor-
tance of histone acetylation in the sexual differentiation of other
regions of the brain as well (Murray et al., 2009). A variety of
inhibitors of DNMT activity are available and may prove valuable
to future investigations of the role of DNA methylation in sexual
differentiation.
Most studies on sex and hormonally induced differences in
DNA methylation have focused on differences in methylation lev-
els at particular CpG sites on speciﬁc promoters, most notably
on genes for steroid hormone receptors. In particular many
researchers have focused on the methylation status of ERα within
the POA during the critical period for sexual differentiation of the
brain, since activation of ERα is known to be essential for mas-
culinization (Kudwa et al., 2006). A major experience in the life of
the neonate, maternal licking, and grooming, inﬂuences methy-
lation patterns in the promoter region of the gene for ERα. Male
and female rodents receive differing amounts of anogenital lick-
ing and grooming during early development, with males receiving
signiﬁcantly more maternal licking in the ﬁrst two postnatal weeks
(Moore and Morelli, 1979). The high levels of anogenital licking
typically received by males are associated with masculinization
of ERα expression levels in the POA (Champagne et al., 2006).
Reduced maternal care increases methylation on the ERα 1b pro-
moter, and decreases ERα gene expression within the POA, but not
in other regions (Champagne et al., 2006; Cameron et al., 2008).
Conversely, simulated maternal grooming increases ERα 1b pro-
moter methylation and decreases ERα expression in females to
male-like levels (Kurian et al., 2010). The contradictory ﬁndings
that natural maternal care versus simulated maternal care results
in opposite methylation patterns on the same promoter region
exempliﬁes the complexity and at times contradictory results
regarding hormone receptor promoter methylation in the brain
during sexual differentiation.
The impact of hormones on DNA methylation in the devel-
oping POA is also debated, perhaps due to the slightly differ-
ent developmental time points and experimental methods used
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between laboratories. For instance, females have higher levels of
ERα gene expression in the POA at postnatal day 10 (Kurian et al.,
2010), a time point at the end of the critical period for sexual dif-
ferentiation of the brain, when hormone levels within the brain
are relatively low (Konkle andMcCarthy, 2011). Administration of
estradiol on the ﬁrst 2 days of life increases ERα promoter methy-
lation and decreases ERα gene expression by postnatal day 8 in the
female, although comparisons of promoter methylation between
females, hormonally masculinized females, and males were not
made (Kurian et al., 2010). A later study found that males have
lower levels of methylation than females on the ERα promoter and
that estradiol treatment administered to females on the ﬁrst 2 days
of life decreases, or masculinizes methylation patterns on the ERα
promoter by postnatal day 2 (Schwarz et al., 2010). Importantly,
methylation of the ERα promoter is dynamic across the animal’s
lifespan. At postnatal day 20, before the onset of puberty, there
are no differences in methylation on the ERα promoter between
males, females, and females treated neonatally with a masculiniz-
ing dose of estradiol. However, in adulthood, following the onset
of adult gonadal steroid circulation, males and females treated
neonatally with estradiol have lower levels of methylation at one
CpG site on the ERα promoter compared to control females. Thus
DNAmethylation is (1) responsive to hormones, (2) transitory, (3)
potentially organized by developmental hormone exposure, and
(4) subsequently inﬂuenced by activational hormones in the adult.
Although theses studies clearly demonstrate a role for DNA
methylation in sexual differentiation of the POA, the discrepan-
cies in the directionality of ERα methylation in this region make
it difﬁcult to draw concrete conclusions. Quantifying methyla-
tion at individual CpG sites across a promoter raises questions
as to the meaning and functional signiﬁcance of small changes
in methylation at a given site. It appears that some sites, perhaps
sites within a transcription factor’s response element, are more
important than others for determining gene expression. But, if a
sex difference and hormonally induced change in methylation at
a speciﬁc CpG site does not correlate with a sex difference in gene
expression, is it functionallymeaningful?Moreover,how large does
a difference in methylation at a given site need to be to impact
gene expression? Could DNA methylation have additional roles
besides just controlling gene expression? Effects of environmental
endocrine disrupting chemicals onmethylation of ERα in the POA
indicate that in addition to altering gene expression, methylation
can dictate the use of alternative promoters, which may inﬂuence
the selective expression of ERα transcript variants (Monje et al.,
2007). The possibility that hormonally induced changes in methy-
lation dictate promoter usage and transcript variant expression is
an understudied aspect of epigenetics but may provide a better
understanding of how hormones organize the brain.
Alternative approaches to studying the impact of epigenetic
modiﬁcations on the maintenance of sexual differentiated traits
are needed. DNA methylation and histone modiﬁcations have
been thoroughly studied on hormone receptor promoters, but
these largely descriptive studies have done little to push the ﬁeld of
developmental neuroendocrinology forward. Since less is known
about them, two other epigenetic contributors have received little
to no attention in sexual differentiation research: (1) microR-
NAs (miRNAs), and (2) hydroxymethylation. miRNAs are short,
naturally occurring, non-coding segments of RNA involved in
the posttranscriptional silencing of genes. Steroid hormones have
been shown to regulate miRNA expression, which can in turn
result in silencing of steroid hormone receptor gene expression
(reviewed in Cochrane et al., 2010). Sex differences in these epige-
netic regulators have been found in whole brain homogenates, and
testosterone and prenatal stress alters their expression suggesting
they may play an important role in sexual differentiation (Morgan
and Bale, 2011). There have been no categorizations of miRNAs
in the POA, or other sexually dimorphic regions of the brain, as
of yet. A variant of methylated DNA, 5-hydroxymethylcytosine,
was recently discovered to be highly abundant in the brain (Kri-
aucionis and Heintz, 2009) but because of technical limitations in
the study of hydroxymethylation, little is known about its func-
tion (Jin et al., 2010). 5-hydroxymethylcytosine residues appear
to be generated by oxidation of 5-methylcytosine and are associ-
ated with active transcription during early development (Tahiliani
et al., 2009; Ficz et al., 2011). Thesemarksmay be ameans forDNA
demethylation or may be necessary for cellular pluripotency prior
to phenotypic commitment (Ficz et al., 2011; Guo et al., 2011).
Large-scale investigations of the transcriptome and epigenome
during and after sexual differentiation would allow for the identi-
ﬁcation of candidate genes involved in permanent steroid-induced
organization associated with masculinized versus defeminized
versus feminized brain phenotypes. New technologies such as
RNAseq and MethylC-seq can enable high throughput sequencing
of the transcriptome and epigenome across sexes and develop-
mental time points, enabling the study of sex differences in copy
number variation and single nucleotide polymorphisms of speciﬁc
genes. Techniques such as these have the ability to revolutionize
the study of sex differences in the brain.
CONCLUSION AND FUTURE DIRECTIONS
Sex differences in the brain result from a complex interaction
between steroid hormones synthesized by both the gonads and the
brain, sex chromosome effects, and the environment that occurs
early in ontogeny and continues throughout the lifespan. The POA
exhibits sex differences in a variety of morphological and physi-
ological parameters that make it an ideal brain region to study
the mechanisms that govern sexual differentiation of brain and
behavior. Although we know much about how sex differences in
the POA and other sexually differentiated brain regions are estab-
lished in isolation, we still lack a circuit-level understanding of
howmultiple sexually differentiated brain regions and/or cell types
inﬂuence each other’s development. Many sex differences in brain
morphology, physiology, and behavior have been characterized
and intensely studied, yet research on sex differences in the brain
is still in early days relative to the rest of neuroscience because
many research programs fail to even include female animals as
subjects. Moreover, it is not currently possible to directly link a
change in brain morphology, physiology, or gene expression to a
resulting change in behavior in a complex mammalian model. The
future of sex differences research will be enriched by the molecular
and epigenetic techniques that allow for making direct connec-
tions, and to ask more complex questions about the interplay
between hormones, genes and environment in establishing and
maintaining sexual dimorphism in the brain.
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